Introduction
Orogenic plateaus are impressive structures of the earth's landscape. Orogenic continental plateaus, such as the Tibetan Plateau, Altiplano Plateau, Colorado Plateau, Puna Plateau, and Anatolian Plateau are very well known. Although these plateaus have been formed under different tectonic regimes, they represent similar morphological features. The Tibetan and Anatolian Plateaus developed on a continental collision zone and the Altiplano and Puna Plateaus uplifted on a subduction zone, but the Colorado Plateau is related to a within-plate environment (Cook 2008) . Thus, the plateaus' driving forces and mechanisms may be different. The most important similarities of the orogenic plateaus are a flat morphology, dry climate, being bounded by mountain chains creating rain shadow zones on the plateaus, and being drained and washed out by rivers. They are also formed by continental uplift and erosion due to climate change. There has always been a "chicken or egg" debate about these earth processes (Molnar & England 1990) . As the uplift creates an acceleration of erosion, the erosion has an additional effect on lithostatic weight due to the replacement of earth material. Uplift or vertical movement of the plateaus attracts attention and thus some proxies have been proposed in the literature. The researchers developed and applied a number of isotopic mineral proxies as paleoaltimetry methods to address the elevation of orogenic belts and plateaus. They used pedogenic carbonates (Quade et al. 2007 ), fossils (Kohn & Dettman 2007) , clays, clastic sediments, and volcanic ashes (Chamberlain et al. 1999; Takeuchi & Larson 2005; Mulch et al. 2006) as proxies. Furthermore, Sahagian and Maus (1994) developed a paleoaltimetry proxy based on the vesicularity of basalts to estimate atmospheric pressure and paleoelevation. This pioneering method had a standard deviation of ±1 σ error of 0.1 bar or 1-1.4 km accuracy. Sahagian et al. (2002) subsequently improved their technique to estimate vesicle size distributions with a standard deviation close to ±400 m. Although existing methods that estimate the paleoelevation are basically limited by a large error range (±450 m), it is possible to have a standard deviation around ±300 m (McElwain 2004) . The plateau uplift causes variations in erosional patterns, as is the case in Central Anatolia. River incision has becomes important in the last 2 Ma from the Kızılırmak River carving out about 160 m (Doğan 2011) . Apart from river incision, tectonic uplift causes an increase in erosion (Montgomery & Brandon 2003) . The erosion/ incision of ignimbrites and lavas provides excellent markers for tracing landscape evolution and the history of valley formation (Thouret et al. 2007) . Since the erosional agents have a noticeable effect on soft or relatively soft rocks, ignimbritic sequences give very reliable data on the erosion. When combined with precise radiometric dating, it is possible to define the uplift and the incision rates of the concerned area. In this study, we present erosion, incision, and uplift events marked on the Cappadocian Volcanic Province (CVP) using volcanic units as proxies.
Central Anatolian volcanism
The Central Anatolian High Plateau (CAHP) holds the CVP at its heart, which reaches up to 1400-1500 m above sea level. Pasquaré (1968) named the area as "Central (Centro-) Anatolian Plateau", "Anatolian Highland", "Ürgüp plateau", or "Neogene plateau" well before Le Pennec et al. (1994) introduced the name "Nevşehir Plateau". All these plateaus in fact correspond to an area bounded by 2 faults, the Tuz Gölü and Ecemiş faults, located between 2 Quaternary voluminous stratovolcanoes (Mt. Hasan to the west and Mt. Erciyes to the east). The CAHP is covered by voluminous, rhyolitic-dacitic ignimbrites, interstratified with either continental sediments (alluvial, lacustrine, etc.) or lava flows. The spectacular landscape of Cappadocia is principally a result of the erosion of ignimbrites forming 'fairy chimneys' . Apart from the ignimbrites, Cappadocia bears several Miocene andesitic volcanoes, lava fields, and independent lavas, some of which are interstratified with the ignimbrites. Moreover, several Quaternary stratovolcanoes (such as Mt Erciyes and Mt. Hasan) and numerous monogenetic vents (cinder cones, maars, and domes) exist in the area. The chronology and absolute ages of the volcanic successions helped to reveal several important aspects of the local stratigraphy, local tectonic evolution, and the uplift and incision history.
The valuable and labor-intensive work by Pasquaré (1968) defines the region as a depression bordering the Taurus Mountain range filled up with Neogene continental sediments and late orogenic volcanic deposits. Moreover, Pasquaré (1968) described the Yeşilhisar formation in the east of the plateau, which is composed mainly of conglomerates with mafic-ultramafic pebbles. He also defined the Ürgüp formation, which corresponds to a 420-m-thick main lithostratigraphic unit and is named after a local town. Aydar et al. (2012) correlated the Cappadocian ignimbrites using zircon and plagioclase ages. Regarding the original nomenclature of ignimbrites previously published in the literature, Aydar et al. (2012) distinguished 10 different ignimbrites, namely the Kavak, Zelve, Sarımaden, Sofular, Cemilköy, Gördeles, Tahar, Kızılkaya, Valibabatepe, and Kumtepe ignimbrites, using absolute age determinations. Their absolute ages together with lava intercalations showed that the explosive volcanism that produced the ignimbrites started after 10 Ma, and major eruptive pulses occurred between 10 and 5 Ma (Figure 1 ). The ignimbritic deposits of the CVP are separated from each other by fluvial or fluvio-lacustrine sediments, soil, or lava flows.
Incision and erosion
The Central Anatolian Volcanic Province of Turkey, namely Cappadocia, is famous worldwide for its spectacular ignimbritic landscape (Figure 2 ). Since the carving of those soft to very soft volcanic deposits and interstratified sediments is relatively easy, the region hosts numerous natural 'fairy chimneys' as well as man-made caves, underground cities, and underground churches which date back to the Roman period. As a result of erosional agents, 'fairy chimney' morphology exhibits variations ( Figure 2 ). Different types of chimneys occur due to variations in the mechanical, rheological, and depositional characteristics of the deposits themselves or of the underlying/overlying units. Generally, Cappadocian ignimbrites exhibit near-horizontal deposition with intercalated fluvial and lacustrine units, but some ignimbrite units show channelized facies, as can be observed around the village of Sofular, where the Tahar ignimbrite flowed into a paleovalley (valley-filling facies) or the Kızılkaya ignimbrite flowed around Ihlara Valley. The local dendritic drainage system has a significant effect on these soft rock suites ( Figure 3 ). The drainage system is composed of numerous small seasonal and/or sustainable contributing streams, which are joined together and empty out to the main Kızılırmak River in the northern part of the Cappadocian Province. The Kızılırmak River flows at around 900 m of altitude, making it the lowest in the region. Apart from this northern drainage system, a relatively weak drainage system that is structurally controlled by the Ecemiş Fault Zone occurs in the eastern part of the Cappadocian Plateau. Canyon incisions have developed in this dome-shaped area (Figure 3 ). Probably the most important incision is the 200-m-deep Soğanlı Valley in the southeast part of the Cappadocian Plateau (Figure 3 ). In the northern region, Damsa Valley and its tributary valleys have valley bases as deep as 500 m. 'Fairy chimneys' , formed by erosion, represent different morphologies due to the mechanical properties of their overlying strata, and the rheological and sedimentological characteristics of each unit. Due to the interstratified soft layers such as sedimentary deposits or air-fall deposits between the ignimbritic flow units, chimneys with caps are formed. If the soft cover is completely eroded, sharppointed chimneys appear. Their shape is controlled by the topographical slope values, such that, on gentle slopes, some chimney clusters of 2 or 3 cones occur. Although there are 10 extensive ignimbrite sheets within the CVP, the 'fairy chimneys' are only extensively formed on the Kavak, Zelve, and Cemilköy ignimbrites. However, the 'fairy chimneys' are also occasionally observed within the Gördeles ignimbrites in the Lower Gördeles unit around Şahinkalesi Hill, in the proximal facies of the Tahar ignimbrite around the village of Tahar, and rarely within the Kızılkaya ignimbrite near the village of Güzelöz. 'Fairy chimneys' did not develop on the strongly welded ignimbrites of Cappadocia, namely Sofular, Sarımaden, Tahar (at the northern extension near the village of Sofular), Kızılkaya, and Valibabatepe. The erosion rate of 'fairy chimneys' was calculated to be between 2.30 and 3.28 cm/kyear (Sarıkaya et al. 2007 ). River incision rates have never been calculated in the CVP, except the incision of the Kızılırmak River by Doğan (2011) .
Rivers in the region are generally seasonal, except the Kızılırmak River. River incision affects the whole ignimbritic plateau. The deepest incision developed tip, where the Kavak, Zelve, and Tahar ignimbrites outcrop. Since the emplacement age of Kızılkaya is almost 5 Ma, it is obvious that the river incision is about 400 m after the emplacement of the Kızılkaya ignimbrite ( Figure 5 ). The valley banks contain fluvio-lacustrine deposits, Gördeles ignimbrites, and Cemilköy ignimbrites at the base. Although the Gördeles and Kızılkaya are mechanically stronger than Cemilköy and the sedimentary deposits, the valley was deeply incised.
In addition to Damsa Valley, Sünnetli Hill, located in the eastern part of the Plateau, is also a good example of river incision. The summit of Sünnetli Hill is covered by a thin sheet of Valibabatepe ignimbrites (Figure 6 ). This strongly welded ignimbrite is resistant to erosion. There is a seasonal tributary stream of Kızılırmak River in the western sector of Sünnetli Hill. The stratigraphic sequence of Sünnetli Hill is deposited on fluvio-lacustrine sediments at the base, and then continues with a Kızılkaya ignimbrite sequence, the Kışladağ limestone, and ends with the Valibabatepe ignimbrite. The incision rate was calculated to be 116 m over the last 2.5 Ma (the age of the Valibabatepe ignimbrite) (Figure 7) .
The western part of the CVP has several valleys and creeks filled by lavas having chaotic surfaces formed due to mechanically soft Kavak and Zelve ignimbrites as well as sedimentary deposits. The most important valley filling is observed at Evren Ridge, which in fact exhibits a relief inversion. Evren Ridge, where a basaltic flow overlies the Zelve ignimbrite, extends about 20 km, and is oriented in a N-S direction. Our new Ar/Ar plateau age on the groundmass of the Evren Ridge basaltic lava reveals an age of 1.85 ± 0.07 Ma. It was also previously dated to 1.92 Ma by Doğan (2011) . According to this age, an incision/erosion rate is calculated to be 106 m in about 2 Ma (Figure 8 ).
In conclusion, the Cappadocian region, where the Kızılkaya ignimbrite forms the flat top of the landscape morphology, represents near-horizontal sedimentation. As a general rule, the gravitational mass flows move toward the topographically lower areas, as is the case in Cappadocia, where flat-lying deposits are dominant and ignimbrites show local valley-filling facies. In this regard, we can conclude that between 10 and 5 Ma there was no major erosion or incision for the most of the Cappadocian ignimbrites except Valibabatepe and Kumtepe. Then, after 5 Ma, at least 400 m of river incision developed: 116 m of erosion for the first 2.5 Ma and 106 m of incision for the last 2 Ma. To sum up, for between 5 and 2.5 Ma, the incision rate was computed as 0.12 mm/year, whereas, in the last 2.5 Ma, the incision rate slowed down to 0.04 mm/ year.
Paleoaltimetry
Paleoaltimetry is a relatively recent methodology for studying geological material. The idea is to estimate the paleoelevation of a landform from modern day sea level. Generally, stable isotopes of water, carbonates, or obsidian (hydration of volcanic glasses) are being used for this purpose. The application of such paleoaltimetric methods has become popular in the 2000s, and these methods have been applied on orogenic plateaus, mountain ranges, and other uplifted segments of the earth's crust.
There are numerous paleoaltimetric proxies that provide information on the topographical evolution of mountain belts (Mulch et al. 2007) . The major advantage of using various hydrous silicate minerals originates from the fact that multiple (oxygen and hydrogen) isotope systems can be applied and used for stable isotope paleoaltimetry (Mulch et al. 2007 ). The use of hydrous silicates (such as smectite, kaolinite, and chert, as well as metamorphic minerals that grow in the presence of meteoric waters) in paleoclimate and paleoaltimetry studies has important additional advantages (Mulch et al. 2007) .
Uplift of a landform may be inferred by geomorphological and geochronological arguments, regarding river incision rates, gradient, and land vertical relative movement (Small & Andersen 1995; Thouret et al. 2007 ). The approach is based on geomorphological elements, which are controlled by precipitation and runoff rate. The most frequently used method is based on the isotopic ratios of carbonates that can trap meteoric water (Fricke et al. 1992) . During authigenesis, a growing mineral can incorporate some meteoric water while preserving its isotopic composition. Thus, it can be used as a paleoelevation proxy (Chamberlain & Poage 2000) .
Another method based on the vesicularity of a lava flow was proposed by Sahagian (1985) . The method basically relies on the size distribution of vesicles in basaltic lavas (Sahagian 1985; Sahagian et al. 1989) . Vesicle size can be measured in a number of ways (Sahagian & Proussevitch, 2007) . The basaltic lavas are sensitive to the ambient atmospheric pressure at the time of emplacement (Sahagian & Maus 1994; Sahagian et al. 2002) . The idea is that the gas distribution in the bubbles within lava is identical at the top and the bottom (Sahagian et al. 2002) . Hence, the pressure affecting the gas bubbles at the top of lava flow is that of atmospheric pressure. At the bottom of a lava flow, the pressure on the gas bubbles is the total of atmospheric and the hydrostatic pressure. Because of this combination, the vesicles at the bottom are smaller (Sahagian & Maus 1994) . However, in order to apply this method, the lava flow must be basaltic in composition, which prevents or minimizes any viscosity shear deformation of vesicles. Moreover, the basaltic lava flow should be sampled from bottom to top in order to calculate vesicle size distribution and paleoatmospheric pressure. Subtracting the present elevation provides the amount of post-emplacement uplift (Sahagian et al. 2002) . This conversion can be done only insofar as sea level pressure has not changed since the time of eruption (Sahagian et al. 2002) . This is probably true for the Cenozoic, although for Archean flows this technique may be inverted in order to be used as a measure of atmospheric development and evolution (Sahagian et al. 2002) . The method was applied to recentpresent day Hawaiian lavas to validate the approach and resulted in a standard deviation of ± 400 m (Sahagian & Proussevitch 2007 ). We applied the Sahagian method to basaltic rocks from Cappadocia. We applied this method on 7 basaltic or basaltic-andesitic lavas from Cappadocia. Using a portable driller, we sampled the lavas 10 cm below the surface and 10 cm above the base, in order to avoid the scoriaceous chaotic parts of the flows as suggested (Sahagian et al. 2002) . We avoided any coalesced vesicles. We analyzed the basalt cores with a Skyscan (Belgium) 1174 compact micro-CT at the Department of Anatomy in the Faculty of Medicine at Hacettepe University, Turkey. A 30 kV X-ray source was used with a current of 800 μA. However, the X-ray intensity was not strong enough to examine the inner parts of the cores. Therefore, we applied a conventional porosity calculation to the samples as suggested in Sahagian and Maus (1994) . The lavas flows and their present day altitudes are presented in the Table. The applied formula is ((V top /V base ) = (P atm + ρgh)/P atm ), where ρ is lava density, g is acceleration due to gravity, h is lava thickness, and V is the ratio of modal bubble volumes. Then, P atm is calculated and converted to elevation. Only 2 acceptable results were obtained from 7 lavas. The unacceptable results were probably due to the sampling and improper viscosity of the lava.
One acceptable result is from an 8.2-Ma Topuzdağ lava. The Topuzdağ lava overlies the Kavak, Zelve, Sarımaden, and Sofular ignimbrites and represents a superposition of at least 3 lava flows and some airfall deposits. The present day altitude of the Topuzdağ sample measured by the GPS altimeter is 1430 m. According to the paleoaltimetry calculations, the Topuzdağ lava solidified at 409 m above sea level. In other words, the relative altitude difference between 8.2 Ma and present day is about 1000 m.
The other acceptable result was obtained from a 96-ka Quaternary basalt (Doğan 2011) . In his work, Doğan (2011) distinguished 4 basaltic flows forming Kızılırmak terraces, and suggested that the 96-ka basalt is the youngest flow in the Kızılırmak area. We calculated an emplacement altitude of 905 m above sea level for this lava flow, which is actually at 906 m. These rough estimations exhibit an important crustal uplift since 8 Ma for Central Anatolia.
Discussion and conclusion
The CVP comprises at least 10 ignimbrites intercalated with epiclastic continental sediments and lava flows. The volcanism commenced 11 Ma on the Erdas Andesitic Massif. Then the region witnessed the emplacement of ignimbritic deposits. The deposition is mostly flat except in some localities where they are channelized. Ignimbrites can be easily eroded and form some erosional patterns like 'fairy chimneys' . The Kızılkaya ignimbrite represents a key horizon to demonstrate the landscape evolution of Cappadocia. It covers almost all of the Neogene deposits. The major ignimbrite emplacements occurred between 10 and 5 Ma (except the Valibabatepe and Kumtepe sequences) with subordinate lava sequences. Erosion became dominant after the emplacement of Kızılkaya, which corresponds to the last 5 Ma, in which at least 400 m of river incision occurred. More specifically, 116 m of erosion for 5-2.5 Ma and 106 m of incision for the last 2 Ma have been calculated. In other words, the incision rate between 5 and 2.5 Ma was computed as 0.12 mm/ year, then post-2.5 Ma, the incision rate became slower at 0.04 mm/year. Doğan (2011) investigated the Kızılırmak River incision, where he concluded that the Kızılırmak River incised its valley by 160 m during the last ~2 Ma of its evolution. Furthermore, by using terrace sequences and basalt ages, Doğan (2011) proposed a 0.08 mm/year incision rate with a maximum of 0.12 mm/year between the late Early and Middle Pleistocene. The similar results on different age spans reflect the probable different erosional capability of the Kızılırmak and its tributary. Thouret et al. (2007) attributed the flat morphology of paleotopography to the longevity of the low-energy environmental conditions that weakly affected the ignimbrites. For that reason, they proposed the idea of a delayed canyon incision until the point when a significant increase in runoff and/or topographic gradient enhanced the erosive power of valley incision, such as in the Peruvian Andes. It is probably the same reason that the ignimbrites and interstratified sedimentary units have flat depositions exhibiting a low-energy environment without major incision. The morphology, uplift rate, and incision rates of the CVP prove that onset of uplift began after 8 Ma and incision started after 5 Ma. 
